Although obesity and diabetes mellitus, or diabetes, are independently associated with mortality-related events (e.g., all-cause mortality and cardiovascular-related mortality) following an ischemic stroke, little is known about the joint effect of obesity and diabetes on mortality-related events following an ischemic stroke. The aim of this study is to evaluate the joint effect of obesity and diabetes on mortality-related events in subjects with a recent ischemic stroke. Data from the multicenter Prevention Regimen for Effectively Avoiding Second Strokes (PRoFESS) trial was analyzed for this study. The joint effect of obesity and diabetes on mortalityrelated events was estimated via Cox proportional hazards regression models. No difference in the hazard of all-cause mortality following an ischemic stroke was observed between obese subjects with diabetes and underweight/normal-weight subjects without diabetes. In contrast, obese subjects with diabetes had an increased hazard of cardiovascular-related mortality following an ischemic stroke compared with underweight/normal-weight subjects without diabetes. Additionally, there was evidence of an attributable proportion due to interaction as well as evidence of a highly statistically significant interaction on the multiplicative scale for cardiovascular-related mortality. In this clinical trial cohort of ischemic stroke survivors, obesity and diabetes synergistically interacted to increase the hazard of cardiovascular-related mortality.
Introduction
Although obesity and diabetes are established independent risk factors for ischemic stroke [1] , their joint effect on stroke risk is not well explored. In the only published study of the joint effect of obesity and diabetes on stroke risk, Olofindayo et al. [2] determined that the effect of central obesity, measured by waist circumference, on the risk of a stroke differed by diabetes status (e.g., having or not having a prior diagnosis of diabetes). Specifically, they found that individuals with both central obesity and diabetes had an increased risk for stroke greater than the sum (and product) of the risk of individuals with either central obesity or diabetes [2] .
To date, there is no known study on the joint effect, or interactive effects, of these factors on mortality-related events (e.g., all-cause mortality and cardiovascular-related mortality) following an ischemic stroke. It is known, however, that obesity and diabetes are independently associated with mortality-related events following an ischemic stroke. The reported effects of obesity on mortality-related events following an ischemic stroke have been conflicting. Whereas studies of the general population have found that increasing weight increases the risk of mortality [3] [4] [5] , a number of observational studies have reported that obesity is associated with a decreased risk of both all-cause [6] [7] [8] [9] [10] [11] and cardiovascular-related [7, 12, 13] mortality following a stroke; this apparent discrepancy is referred to as the obesity paradox 2 Stroke Research and Treatment [6] [7] [8] [9] [10] [11] [12] [13] . Several investigators have questioned the validity of the obesity paradox, citing methodological issues (e.g., the measurement of obesity, treatment, and/or selection bias due to the study population) or residual confounding as potential explanations [14] [15] [16] . In contrast to the conflicting reported effects on obesity and mortality-related events following a stroke, prior studies have established that diabetes is associated with higher risk of all-cause mortality [17] [18] [19] [20] and cardiovascular-related mortality [19] following a stroke.
The current study assumed that the conflicting findings in the obesity and diabetes literature may be due to a joint effect of obesity and diabetes which has not been examined previously. The pathogenesis of stroke is a heterogeneous process that involves molecular, cellular, neuronal, individual, and environmental factors [21] . Because diabetes is related to obesity [22, 23] , diabetes may potentially modify the inflammatory effects of body mass on risk of mortalityrelated events after an ischemic stroke. If so, elucidation of the joint effect of obesity and diabetes may help identify highrisk subgroups and provide new insights into underlying mechanisms.
Although previous studies have shown evidence that obesity and diabetes are independently associated with mortality-related events in a stroke population, there is a lack of research on the joint effect of obesity and diabetes on mortality-related events following an ischemic stroke. The current research has tremendous public health relevance given the increasing prevalence of obesity and the expected increase in prevalence of diabetes in the US and internationally. The objective of this study was to determine the joint effect of obesity and diabetes on the risk of mortality-related events following an ischemic stroke in a cohort of ischemic stroke survivors.
Materials and Methods

Study
Population. The population of interest for this work is ischemic stroke survivors. Previous work looking at allcause mortality at 1 year in ischemic stroke patients [24] showed that there was insufficient evidence to determine that the effect of obesity differed by diabetes status. This study was limited because the study population included acute ischemic stroke patients with at least a moderate stroke severity who met study eligibility. The data source for the current study is the PRoFESS trial, a double-blind 2-by-2 factorial trial (ClinicalTrials.gov number: NCT00153062) [25] . The objective of the PRoFESS trial was to determine if extendedrelease dipyridamole and aspirin were superior to clopidogrel and if telmisartan was superior to placebo in preventing a recurrent stroke in subjects who were recently diagnosed with an ischemic stroke [25] . Details of the scientific rationale, eligibility requirements, and baseline characteristics of the PRoFESS subjects have been published elsewhere [25] [26] [27] [28] . Briefly, 20,332 subjects were enrolled in PRoFESS between September 2003 and July 2006 at 695 study centers in 35 countries and were followed up for a median time of 2.4 years (range: 1.5-4.4 years) from randomization [26] [27] [28] . To be eligible, subjects had to be at least 55 years old and were randomized within 90 days of experiencing an ischemic stroke or had to be between 50 and 54 years old, have at least two additional risk factors, and were randomized between 90 and 120 days after experiencing an ischemic stroke [25] .
2.2.
Exposures. BMI and diabetes are the exposures of interest for the current study and were defined based on information identified at the baseline visit. Typically, BMI is defined as weight in kilograms per the square of height in meters (kg/m 2 ) [29] . Subjects were categorized into underweight/normal weight (BMI < 25.0 kg/m 2 ), overweight (BMI 25.0-29.9 kg/m 2 ), and obese (BMI ≥ 30.0 kg/m 2 ) based on the published guidelines of the World Health Organization [29] . Prior diagnosis of diabetes (yes, no) was measured as a summary variable. Diagnosis of diabetes was ascertained using source documentation (i.e., the subject's medical record).
2.3.
Outcomes. All-cause mortality, defined as death due to any cause, and cardiovascular-related mortality, defined as death due to stroke (i.e., ischemic, hemorrhagic, or uncertain cause), myocardial infarction, hemorrhage excluding intracranial bleeding, and other vascular causes [28] , were the primary outcomes for this research. At the completion of the PRoFESS trial, 1,495 subjects had died from all causes, and 894 subjects had died due to cardiovascular-related causes. These dependent variables were confirmed by the PRoFESS trial's Adjudication and Assessment Committee [25] .
Statistical Analysis.
Subjects with missing obesity and diabetes information were excluded from the analysis. All subjects were followed up from the date of enrollment until the date of death, until they were lost to follow-up, or until the end of the clinical trial, whichever occurred first. Baseline characteristics were presented as a median and interquartile range for continuous variables and as a number and proportion for categorical variables.
Cox proportional hazards (CPH) regression models were utilized to model the relationship between all-cause and cardiovascular-related mortality and exposures of BMI and diabetes as defined above; adjusted hazard ratios (HR) and 95% confidence intervals (CI) were constructed according to a common reference category of underweight/normal-weight subjects without diabetes. A multivariable CPH regression model for each mortality-related event was fit including prespecified variables that were forced into the final model in addition to potential confounders, which are shown in Table 1 . Due to their known prognostic value, age, gender, race/ethnicity, baseline stroke severity, ischemic stroke subtype, and treatment assignment were forced into the final models for both mortality-related events. A variable was considered as a potential confounder if it was significant univariately at the 훼 = 0.25 level or its presence resulted in at least a 10% difference in the effect measure between the crude and adjusted estimates. Backward selection using the likelihood ratio test was used to obtain the final models that included the significant confounders. The proportional hazards assumption was assessed using Schoenfeld residuals and time-dependent covariates [30] . For continuous variables, linearity in the log hazard was evaluated by assessing the cumulative martingale residuals. Additionally, multicollinearity between covariates was assessed by calculating individual variance inflation factors for each of the exposure variables and the potential confounders. The joint effect of BMI and diabetes was examined on both the multiplicative and additive scales in relation to the hazard of all-cause mortality (and cardiovascular-related mortality) following an ischemic stroke. The likelihood ratio test was used to determine the significance of the crossproduct interaction term between BMI and diabetes. Additionally, the joint effect on the additive scale, or the biologic interaction, was evaluated by two indices: the relative excess risk because of the interaction (RERI) and the attributable proportion because of the interaction (AP). [31] RERI is an estimate of the excess risk attributable to the joint effect of obesity and diabetes and AP is defined as the proportion of risk attributable to the joint effect of obesity and diabetes [31] . These indices, along with their 95% CIs, were constructed using the approach of Li and Chambless [32] . A value of 0 indicates that there is no biologic interaction present [32, 33] .
All statistical tests were two-sided and used an alpha level of 0.05 with the exception of the joint effect on the multiplicative scale. For the joint effect on the multiplicative scale, statistical significance was defined at an alpha level of 0.10 rather than 0.05, because clinical trials are not designed to detect a joint effect but only a main effect [34] . Statistical analyses were conducted using SAS software package version 9.4 (SAS Institute, Cary, NC). Institutional Review Board's approval for this analysis was obtained from the Medical University of South Carolina.
Results
Baseline Characteristics of the PRoFESS Study Sample.
Of the 20,332 subjects enrolled in the PRoFESS trial, BMI or diabetes information was not available for 86 subjects (0.42%). As a result, data from 20,246 subjects were analyzed in the current study. Baseline characteristics and the number of deaths due to all causes and due to cardiovascular-related causes observed according to BMI category and diabetes status are shown in Table 2 . Among these 20,246 subjects with complete BMI and diabetes information, few subjects were obese (20.96%) and had a prior diagnosis of diabetes (28.22%). The majority of subjects were male (64.09%), older than 65 years (54.86%), and white (57.30%), had a history of hypertension (74.03%), had no prior stroke or TIA (75.42%), were former/never smokers (78.81%), and had mild neurological severity for their qualifying stroke defined as a NIHSS < 8 (93.35%). Among subjects without diabetes, compared with underweight/normal-weight subjects, obese subjects were more likely to have the following characteristics: female, white, history of hypertension, history of coronary artery disease, history of congestive heart failure, history of myocardial infarction, history of hyperlipidemia, former/never smokers, and sedentary. Similarly, among subjects with diabetes, compared with underweight/normalweight subjects, obese subjects were also more likely to be female and white, have a history of hypertension, have a history of coronary artery disease, have a history of congestive heart failure, have a history of myocardial infarction, have a history of hyperlipidemia, be former/never smokers, and be sedentary. In contrast, among subjects with diabetes, obese subjects were more likely to have a mild neurological severity for their qualifying stroke.
All-Cause Mortality following an Ischemic Stroke.
The adjusted joint effects of BMI categories and diabetes status on all-cause mortality are shown in Table 3 . Obese subjects with diabetes had a similar hazard of all-cause mortality following an ischemic stroke compared with the reference group or underweight/normal-weight subjects without diabetes (HR: 0.98, 95% CI: 0.80, 1.21). There was insufficient evidence to declare an interaction between obesity and diabetes on either the multiplicative (P interaction =0.1440) or the additive scale (RERI: -0.019, 95% CI: -0.319, 0.280; AP: -0.020, 95% CI: -0.112, 0.073).
Cardiovascular-Related Mortality following an Ischemic
Stroke. The adjusted joint effects of BMI categories and diabetes status on cardiovascular-related mortality are shown in Table 4 . Obese subjects with diabetes had an increased hazard of cardiovascular-related mortality following an ischemic stroke compared with underweight/normal-weight subjects without diabetes (HR: 1.44, 95% CI: 1.12, 1.86). On the multiplicative scale, there was a significant joint effect of obesity and diabetes (P interaction = 0.0049). In addition, a significant additive interactive effect between obesity and diabetes on cardiovascular-related mortality was indicated by Stroke Research and Treatment 7 HRs are adjusted for age, gender, race/ethnicity, qualifying stroke neurological severity, ischemic stroke subtype, baseline systolic blood pressure, hypertension, treatment assignment, history of congestive heart failure, history of atrial fibrillation, history of coronary artery disease, history of previous stroke or TIA, history of myocardial infarction, smoking status, alcohol consumption, and average physical activity prior to qualifying stroke. * RERI: relative excess risk due to interaction; †AP: attributable proportion due to interaction. HRs are adjusted for age, gender, race/ethnicity, qualifying stroke neurological severity, ischemic stroke sub-type, baseline systolic blood pressure, hypertension, treatment assignment, hyperlipidemia, history of coronary artery disease, history of previous stroke or TIA, history of myocardial infarction, smoking status, and average physical activity prior to qualifying stroke. * RERI: relative excess risk due to interaction; †AP: attributable proportion due to interaction. the significant AP estimate and its confidence interval (AP: 0.258, 95% CI: 0.155, 0.361). In contrast, there was insufficient evidence of an additive interaction for the RERI (0.372, 95% CI: -0.064, 0.808).
Discussion
Although obesity [6] [7] [8] [9] [10] [11] [12] [13] and diabetes [17] [18] [19] [20] are independently associated with mortality-related events following an ischemic stroke, this was the first study to explore the potential joint effect of obesity and diabetes on mortalityrelated events following an ischemic stroke on the additive and multiplicative scales. Studying joint effects can identify susceptible subgroups of individuals that would potentially benefit from effective interventions [35] . Joint effects on the additive scale are important public health indices [35, 36] because they have been suggestive of a biological interaction or an underlying causal mechanism [35, 36] . In the current study, there was insufficient evidence to determine a joint effect of obesity and diabetes on allcause mortality on either the additive or multiplicative scales. However, compared with underweight/normal-weight subjects without diabetes, obese subjects with diabetes were approximately 44% (HR: 1.44, 95% CI: 1.12, 1.86) more likely to die from cardiovascular-related causes following an ischemic stroke. Although the combined effect of obesity and diabetes did not exceed the sum of the separate effects of obesity and diabetes (RERI: 0.372, 95% CI: -0.064, 0.808), approximately 26.0% of the cardiovascular-related deaths following an ischemic stroke in this cohort of ischemic stroke survivors could be attributed to the joint effect of obesity and diabetes (AP: 0.258, 95% CI: 0.155, 0.361).
The World Health Organization (WHO) expert consultation recently advocated for different BMI cut-off limits for individuals of Asian race/ethnicity [37] . As a result, subgroup analyses were performed to investigate the consistency in results among Asians using the WHO standard BMI and the Asia Pacific Guidelines from the WHO. Conclusions were not substantively altered in the subgroup of Asian race/ethnicity when the Asia Pacific Guidelines for BMI categories were applied.
To account for the potential residual confounding effect by smoking, subgroup analyses were conducted to determine the consistency in results among subjects who were current smokers and subjects who were former/never smokers (Supplementary Tables 1-4) . Although the conclusions did 8 Stroke Research and Treatment not substantively differ in the subgroups of former/never smokers or current smokers, there are several noteworthy findings. For all-cause mortality, the point estimate for obese subjects with diabetes compared to underweight/normalweight subjects without diabetes was increased among current smokers. Furthermore, among current smokers, approximately 16.8% of the deaths from any cause following an ischemic stroke in this cohort of ischemic stroke survivors could be attributed to the joint effect of obesity and diabetes (AP: 0.168, 95% CI: 0.006, 0.330).
The exact mechanisms by which obesity and diabetes increase the hazard of cardiovascular-related mortality following an ischemic stroke cannot be determined from the present study. Given that obesity and diabetes are major risk factors for cardiovascular morbidity and mortality and are additionally associated with hypertension, dyslipidemia, and elevated levels of fibrinogen and C-reactive protein, other risk factors for cardiovascular morbidity and mortality [22, 23, 38] , future studies can focus on understanding the mechanisms for this finding. Hence, it is hypothesized that these mechanisms are multifactorial and involve molecular, cellular, neuronal, individual, and environmental factors [21] .
Limitations and Strengths.
The present study included several limitations, one of which was survivorship bias related to study sample selection. This study's sample consisted of a cohort of individuals who survived a period of time (median time = 15 days) following onset of a qualifying stroke and who met specific inclusion criteria of the PRoFESS trial. Hence, there was a potential for selection bias because individuals with a more severe neurologic deficit at the time of the qualifying stroke may have not been included in the PRoFESS trial.
Other limitations identified were associated with the exposure variables of obesity and diabetes. The data available for the study measured weight only at randomization, and thus the potential impact of weight change over the course of the follow-up period could not be assessed. Although weight loss after a stroke is relatively common, Jönsson et al. [39] noted that the median weight loss four months following a stroke was only 0.6 kg (or 1.32 lbs) in a cohort of first-time stroke patients. Hence, in the present study, it was assumed that the median amount of weight that subjects may have lost between ischemic stroke onset and baseline BMI assessment would result in subjects maintaining a relatively consistent BMI or BMI category between these two time periods. In addition, the PRoFESS trial data did not differentiate between type 1 and type 2 diabetes. However, as type 2 diabetes accounts for approximately 95% of all diagnosed cases of diabetes in the US [40, 41] , it may be assumed that the majority of diabetes cases in the PRoFESS trial were type 2 diabetes.
Due to the restrictive inclusion criteria of the PRoFESS trial, the results of the present study may not be generalizable to all ischemic stroke survivors. For example, individuals were excluded if they had a severe disability after the qualifying stroke [25] . Furthermore, the PRoFESS trial was not designed to answer the research questions of the present study. Examining joint effects, or interactions, is challenging because tests for interactions are typically underpowered [42] . Hence, it is critical to utilize a national or international ischemic stroke registry that would provide sufficient resources and power for future studies to address these research questions. Additionally, the potential for reverse causation cannot be excluded. Future research could be performed to determine if the results demonstrated among a cohort of ischemic stroke survivors with a median followup time of 2.4 years would be similar to the results among a cohort of acute ischemic stroke subjects with a longer followup time.
Despite some limitations, the present study includes several notable strengths. First, this study utilized data from a large clinical trial with prospective ascertainment of the dependent variables of interest. Further, the rigorous data collection of the PRoFESS trial reduced information bias. Rather than relying on subjects self-reporting their medical history, the PRoFESS trial utilized source documents to verify subjects' medical history. Additionally, the use of clinical trial data ensured that strict study procedures were followed, which minimized the potential bias from incorrect documentation of the trial's outcomes.
This study was the first to examine the joint effects, or the interactive effects, of BMI and diabetes on mortality-related events following an ischemic stroke on the additive and multiplicative scales. Additionally, the results of this study provide evidence for generating hypotheses for future studies investigating how BMI and diabetes could potentially interact with one another to affect the risk of mortality-related events following an ischemic stroke. These results could also be used by future investigators to develop interventions focused on reducing the burden of all-cause and cardiovascular-related mortality following onset of an ischemic stroke.
Clinical
Relevance. The American Heart Association and the American Stroke Association recommend using BMI to diagnose obesity [43] . However, BMI may not be the best diagnostic tool to measure obesity because this diagnostic tool is unable to differentiate between body fat and lean mass [44] . It has recently been hypothesized that there are different phenotypes of obesity, namely, metabolically healthy obese and metabolically unhealthy obese [45] . Thus, it is critical to determine new diagnostic tools capable of differentiating risk of poor outcomes following an ischemic stroke based on BMI (or waist circumference or waist-to-hip ratio) [14, 44] and metabolic health.
Public Health
Relevance. Obesity and diabetes are highly prevalent in both the general US and international populations [41, [46] [47] [48] as well as among individuals who have been diagnosed with a stroke [43] . Although the prevalence of obesity and diabetes varies by region and country, it is estimated that between 18% and 44% of individuals who previously had an ischemic stroke are obese, and between 25% and 45% of individuals who previously had an ischemic stroke have diabetes [43] . Despite the high prevalence of these risk factors among stroke survivors, the current guidelines from the American Heart Association and American Stroke Association only recommend that all individuals who are diagnosed with an ischemic stroke be screened for diabetes and obesity [43] . The guidelines no longer recommend weight reduction for individuals with a BMI over 25 kg/m 2 due to the unexpected relationship between obesity and prognosis after stroke and the null results of a weight loss intervention [43] . Thus, it is important to focus research on understanding the mechanism by which diabetes modifies the relationship between BMI and mortality-related events following an ischemic stroke in order to develop more focused guidelines and interventions to reduce mortality rates for individuals with these risk factors.
Future Directions.
The current study included a post hoc analysis of data from the PRoFESS trial. Results from this study add valuable information to the literature regarding post-ischemic-stroke outcomes. Specifically, the findings suggest that obese individuals with diabetes have an increased hazard of cardiovascular-related mortality following an ischemic stroke compared with underweight/normalweight individuals without diabetes. Thus, results from the current study suggest that future interventions should focus resources on obese individuals with diabetes in order to reduce the excess burden of cardiovascular-related mortality in this group. Additionally, future population-based cohort studies are needed to examine whether the effect of obesity, measured by BMI or another diagnostic tool, on mortalityrelated events following an ischemic stroke differs by diabetes status.
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